A B S T R A C T Assays of ribonuclease activity in com-
INTRODUCTION
The development of the mammalian erythroid element, from nucleated form to reticulocyte to erythrocyte, is accompanied by a progressive loss of ribonucleic acid (RNA) which appears to be closely related to the maturation process (1, 2) . Since synthesis of RNA is absent in this cell subsequent to the basophilic normoblast state (1, 3, 4) (5, 6) , the factors which influence the action of the enzyme in the intact cell, and which therefore are most relevant to the rate of cell maturation, have been only partially defined (7) . The present investigations were designed to provide greater understanding of the mode of action of erythroid cell RNase in the maturing erythroid cell. The results indicate that the majority of RNase activity within the cell exists in a latent state and can be activated by exposure to 4 M urea. The greater portion of latent and total RNase activity, both of which decrease as the erythroid cell matures, is localized to the cell membrane. This latent RNase is particularly effective in degrading ribosomes. The localization of RNase in the cell membrane adds to the evidence that the membrane plays a direct role in erythroid cell RNA metabolism (7, 8) .
METHODS
Isolation of cells and preparation of cell components. Peripheral venous blood was obtained from normal New Zealand white rabbits or from animals with a reticulocytosis induced by phenylhydrazine (9) . The cells were washed twice with 10 volumes of 310 milliosmolar phosphate buffer, pH 7.4, the buffy coat being removed by aspiration after each wash. The cells were lysed by addition of 4 volumes of 7.37 X 10' M sodium phosphate buffer, pH 7.4, and the whole hemolysates were centrifuged at 17,300 g for 10 min in order to separate the cell components. The membrane-free hemolysate was decanted and the membranes were separated by gentle agitation from the hard button of unlysed white cells at the bottom of the tube and washed three times with hypotonic phosphate buffer. This method effectively removes unlysed nucleated cells from the cell components (6, 7) .
Colloidal silica density gradient centrifugation. Cytoplasmfree membrane structures were obtained by density gradient centrifugation as described by Nilsson and Ronguist (10) .
Membrane samples were layered on top of a 16%o (w/v) solution of Ludox HS-40 and centrifuged for 20 min at 25,000 rpm in a Spinco SW 25.1 rotor.
Preparation of ribosomes and RNA. Cells from which ribosomes or RNA was to be prepared were washed in 0.9% sodium chloride which contained 1.5 X 10' M magnesium chloride. Ribosomal RNA, soluble RNA, and ribosomes were prepared as previously described (6) . 82P-labeled and ribosomes were prepared by in vivo labeling as described by DeBellis, Gluck, and Marks (11) . Sucrose gradient centrifugation was carried out as previously described (9) .
Studies during in vivo aging of erythroid cells. The methods by which cells of progressively greater maturity were obtained from single animals during recovery from a severe phenylhydrazine-induced anemia have been described in detail previously (7) .
Assay of ribonuclease activity. Ribonuclease activity in cell components was assayed by degradation of 8P-labeled substrates, either RNA or ribosomes, to acid-soluble fragments. The conditions of the assay have been detailed previously (6) . Suspensions of cell components were vigorously mixed immediately prior to pipetting. All incubations were carried out under air and with constant agitation. Appropriate zero time controls, with or without the additions described in the text, were obtained with each study. When additions to the assay system were made the amount of reagents and additives in all tubes were adjusted to identical concentrations at the conclusion of incubation. Removal of more than 90%o of the leukocytes from whole blood suspensions by dextran sedimentation prior to preparation of the cell components did not influence the RNase assay.
Analytical methods. Hemocytometry, ennumeration of reticulocytes, and hematocrit determinations were done by standard methods.
Determination of radioactivity. 'P radioactivity was determined by pipetting 0.2-0.5 ml of the solution to be examined directly into 10 ml of Bray's solution (12) . Samples were counted to an error of less than 3% in a Packard liquid scintillation counter with an efficiency of more than 95%.
Materials. Rabbits were obtained from commercial sources. All chemicals were reagent grade. Carrier-free 8P was obtained from Tracerlab Div., Laboratory for Electronics, Inc., Boston, Mass. Colloidal silica was obtained as Ludox HS40 from E. I. DuPont de Nemours & Co., Wilmington, Del.
RESULTS
The location of RNase in mature and immature erythroid cells. Fig. 1 shows the results of assays of RNase in whole lysates, membrane-free hemolysates (MFH), and isolated washed membranes derived from mature and immature erythroid cells. As explained below, the figures represent the relative distribution of RNase activity in the cell components in the proportions in which they exist in whole hemolysates. Hemoglobin has been reported to inhibit the activity of an RNase isolated from mammalian reticulocytes (5) .
Since the activity of the isolated MFH in itself often exceeded that of whole hemolysate (Fig. 1, right at 370C for 30 min, enzyme activity in the subsequently separated membrane fraction was not increased, whether or not urea was present (see below). In order to further confirm that enzyme activity was intimately associated with the membrane, a membrane preparation devoid of cytoplasmic structures was obtained by density gradient centrifugation in a colloidal silica solution (10) . RNase activity was present in this highly purified membrane fraction. The data indicate that a true in vivo association exists between RNase and the erythroid cell membrane. Intact erythroid cells did not degrade RNA when the substrate was present in the incubation medium, indicating that the active sites of membrane-associated RNase are oriented towards the interior of the cell.
The activation of erythroid cell RNase by urea. Urea has been used to activate a latent RNase in Eschericia coli (13) . The effect of increasing concentrations of urea on RNase activity of whole hemolysate and isolated cell components is shown in Fig. 2 . Urea did not affect the RNase activity of the membrane and the MFH in an identical manner. Concentrations of urea less than 1 mole/liter decreased RNase activity in the MFH to a minimum of 32% of the control value, while higher concentrations of urea increased RNase activity to a maximum of 160% of the control value. In contrast, all concentrations of urea increased RNase activity in the membrane fraction, in a roughly concentration-dependent manner, to a maximum of 10 times the control value. The effect of urea on RNase activity in whole lysates was that which would be expected from a mixture of the isolated cell components in their naturally existing proportions. Since Urea EM] FIGURE 3 The effect of urea on the degradation of ribosomes by whole lysates and isolated cell components of erythroid cells. RNase activity is expressed as cpm of 277 ,ug/ml of 'P ribosomes degraded to acid-soluble fragments during a 2 hr incubation at 37°C. The maximal degradation illustrated represents solubilization of 16% of the substrate.
of RNase in each of the separated components this concentration was used in all other studies.
The action of urea in increasing the degradation of RNA in the assay system could possibly have been due to an effect on the substrate rather than to activation of RNase. Although comparable concentrations of urea, under the conditions of the assay, did not degrade 'P reticulocyte RNA to acid-soluble fragments, urea is known to decrease the secondary structure of RNA by breaking hydrogen bonds (14) . This effect on RNA structure may make the RNA more susceptible to degradation but if such alterations were the only cause of the observed increase in RNA degradation it would be expected that a like concentration of urea would cause the same increment in degradation by each cell fraction. Examination of Figs. 2 and 3 show this not to be true. Exposure to 1 M urea caused increased substrate degradation in assays of membrane RNase while decreasing substrate degradation in the MFH, and at other concentrations of urea the increase in amount of RNA degradation was not similar in the two cell fractions. These results indicate that although an effect by urea on the substrate cannot be ruled out, it is highly unlikely that urea increases RNase activity only by such an effect. The effect of urea in increasing RNase activity in isolated washed membranes confirms that the activity in membranes does not result from shifting enzyme from the free to the bound state during the preparative procedure.
The solubilization of membrane-bound RNase. It was necessary to determine whether urea increased the RNase activity of the membrane fraction by solubilizing an enzyme which was not fully active when attached to the membrane. When purified membranes, obtained by centrifugation through colloidal silica solutions, were repeatedly washed in 7.37 X 10 m phosphate buffer the activity remaining in the sedimented membranes was decreased by only 11% (Table I, line 2 ). Yet, a large amount of RNase, 47% of the activity present originally in the suspension, was released into the wash fluid from the membranes (line 3). This solubilization and activation of RNase when membranes are centrifuged indicates that latent RNase is present in the membrane fraction and, further, explains the activation of erythroid cell RNase which occurs during the separation of cell components (vide supra). Exposure of membrane fractions to 4 M urea increased the total enzyme activity of the suspension more than fourfold (line 5). Washing the urea-treated membranes resulted in a loss of approximately one-quarter of their RNase activity (line 6). The wash fluid of the urea-treated membranes contained a large amount of enzyme activity (line 7), and this activity was decreased only by 30% when the urea was removed by dialysis (line 8). This data indicates that some, but not all, of the effect of urea in increasing RNase activity is due to an alteration of the substrate, but that urea also solubilizes and activates a membranebound RNase. On the basis of the data it is not possible to determine if all of the activation is due to solubilization of the enzyme.
This experiment provides additional evidence that the effect of urea in increasing RNase activity in the membrane fraction cannot be wholly ascribed to an effect of urea on the substrate. When wash fluid derived from membranes which were not exposed to urea was made After incubation with agitation at 0C for 30 min the membranes and supernatant were separated by centrifugation at 20,000 g for 20 min and assayed for RNase activity as described in Methods.
t The supernatant, which was obtained from washing membranes without urea, was dialyzed against 1000 volumes of 7.37 X 10-8 M phosphate buffer, pH 7, for 3 hr at 4VC and then made 4 molar with respect to urea prior to assay for RNase. § The urea-treated supernatant was dialyzed against two changes of 1000 volumes of 7.37 X 10-3 M phosphate buffer for 3 hr at 40C. 4 molar with respect to urea, the RNase activity was increased by about 50% (compare line 4 to line 3). The activity in this case did not, however, approach that found in supernatants derived from urea-treated membranes (line 7). This difference between the activity of the two supernatants cannot be ascribed to different effects of urea on the substrate, since the substrate, up reticulocyte RNA, was exposed to the identical concentration of urea for the same time in both instances. Although it is difficult, on the basis of the data in lines 7 and 8, to achieve accurate figures, a conservative estimate allows that at least half of the increased RNase activity caused by exposing membranes to urea is due to enzyme activation. In addition, when supernatants derived from urea-treated membranes were dialyzed against phosphate buffer to remove the urea, the RNase activity in the supernatants (line 8) was still significantly higher than that found in similarly treated supernatants derived from membranes which had not been treated with urea (line 3). The findings indicate that although a portion of the increased RNase activity generated in the presence of urea may be ascribed to substrate alteration, a significant amount of new activity is actually due to RNase activation.
The amount of total enzyme activity in the cell components. In the experimental design the isolated cell membranes were suspended in a volume of buffer equal to that of the MFH. Since 1 ml of membrane suspension contained the absolute amount of membrane from 1 ml of whole hemolysate, it insured that the amount of RNase activity in the isolated components accurately reflected the relative distribution of RNase activity in the whole hemolysates. Urea increased RNase activity in whole lysates and MFH to approximataely twice the control value. The effect of 4 M urea on isolated membranes was much greater, increasing RNase activity as much as sevenfold. At all concentrations of urea greater than 0.5 mole/liter the RNase activity in the membrane exceeded that of the MFH (Fig. 2 ). These differences cannot be ascribed to the effect of urea on the substrate, since both cell fractions were exposed to identical urea concentrations for the same period of time. These data indicate that the major portion of total RNase activity in the erythroid cell is associated with the cell membrane, but is demonstrable only after activation by urea.
Characteristics of urea-activated RNase. In order to determine if the latent RNase in erythroid cell membranes which was activated by urjea differed from that which was free in the cell interior, the characteristics of the two enzymes were compared (Table II) . The Km of urea-activated membrane RNase, measured against four natural substrates, was not significantly different from that of the free enzyme (6) . Other points of similarity between the two enzymes included the relative susceptibility of different natural substrates to degradation, the inhibition of activity by Me', Ca', and metabolic inhibitors, and the pH optima in phosphate buffers between pH 5.7 and 8.0 (6) . In studies of the pH optima all membranes were first prepared from cells lysed in 7.37 X 10' M phosphate buffer in order to make them equally free of hemoglobin (15) . These findings strongly suggest, although they do not prove, that the latent RNase which is activated by urea does not differ from the enzyme active in the absence of urea. The effect of urea on ribosome degradation. Most of the RNA of the erythroid cell is present in the form of ribosomes, which are less susceptible than soluble RNA to enzymatic degradation by erythroid cell RNase (6) . The presence of urea increased degradation of substrate ribosomes by both MFH and membranes (Fig. 3) , but the effect was not quantitatively similar to that observed when the substrate was RNA. Comparison of Fig. 3 with Fig. 2 shows that 4 M urea increased degradation of substrate ribosomes fifteenfold, a much greater effect than the sixfold seen with substrate RNA. Activation of membrane RNase occurred at all urea concentrations but was absent in the MFH at low urea concentrations. This finding, that similar concentrations of urea cause activation of RNase activity in the membrane fraction and inhibition in the MFH, which suggests that substrate alteration alone cannot explain the observed increase in ribosome degradation, might be the result of increased enzyme activity due to activation of membranebound RNase overbalancing an enzyme inhibition caused Membrane-free hemolysate 16.7 X 10-8 12.5 X 10-8 6.1 X 10-6 2.0 X 10-6 Membrane + 4 M urea 7.7 X 10-8 20 X 10-8
16 X 10-6 1.0 X 10-6
The Km in moles per liter was determined as described in reference 6, assuming the molecular weights of rRNA, sRNA, and ribosomes to be 2 X 106, 2.5 X 104, and 4 X 106 respectively.
by low concentrations of urea (16) . Nevertheless, the data indicate that the cell membrane is particularly active in degrading ribosomes. It was necessary to determine whether the greater susceptibility of ribosomes to degradation by urea-activated RNase, in comparison to RNA, was due to alteration of ribosome structure by urea. Exposure to 4 M urea at 370C for as long as 11 hr did not degrade ribosomes to acid-soluble nucleotides, but did cause polyribosomes to break down to monoribosomes.' Density gradient centrifugation patterns of ribosomes exposed to varying concentrations of urea, and sedimented through gradients containing a similar concentration of urea, indicated that significant breakdown of polyribosomes occurred only at concentrations of urea greater than 1 mole/liter, and all polyribosomes disappeared at concentrations in excess of 2 moles/liter.1 Since increased degradation of ribosomes by membranes was observed at concentrations of urea less than 1 mole/liter (Fig. 3) , gross alterations in the substrate cannot explain the increased degradation of ribosomes in the presence of urea. In addition, direct examination of degradation of equal amounts of polyribosomes and monoribosomes, isolated from sucrose density gradients, showed them to be equally susceptible to degradation to acid-soluble nucleotides by erythroid cell RNase. Nevertheless, subtle changes in the configuration of the ribosomes, not detectable by gradient centrifugation, cannot be ruled out as a cause for the relatively greater breakdown of ribosomes, as compared to RNA.
The stability of latent RNase. The RNase activity in whole lysates of erythroid cells declines rapidly during incubation at 370C, falling to 40% of the initial level in 24 hr (6) . In order to determine whether latent RNase activity declined in a similar fashion, aliquots of MFH and isolated washed membranes were assayed for RNase activity, in the absence and presence of 4 M urea, at intervals during incubation at 37°C for 24 hr. The RNase activity of membrane-free hemolysates declined during the incubation to less than 50% of the initial level (Fig. 4) and a decline of slightly lesser magnitude occurred when the assays were done in the presence of 4 M urea. In contrast, RNase activity in membrane, even in the absence of urea, remained stable over the 24 hr period. These results indicate that the RNase activity in the cell membrane, whether or not activated by urea, is in some manner protected from inactivation during incubation at 37°C.
Bound and free RNase during erythroid cell maturation. The relative activity of free and membrane-associated RNase during erythroid cell maturation was investigated by serially studying blood obtained from an individual animal as it recovered from a severe phenyl1Burka, E. R. Unpublished observations. 4 The stability of active and latent RNase during incubation of erythroid cell components at 37°C. Aliquots of the membrane-free hemolysate (MFH) and membrane suspensions were assayed at intervals for RNase activity, as described for Fig. 1 , in the absence and presence of 4 M urea. The results are expressed as the per cent of RNase activity present at the start of the incubation. The substrate was 70 ug/ml of s'P total RNA.
hydrazine-induced anemia. During this period the progressive decrease in peripheral blood reticulocytosis reflects a progressively aging population of cells (7, 17) . Maturation of reticulocytes to erythrocytes was accompanied by a decline in total RNase activity, to approximately one-fifth of the initial value (Fig. 5) . The activity in the membrane fraction was 32% of the total at the beginning of the study and 23% of the total when the rabbit was hematologically normal. Thus, the activity declined slightly more rapidly in the membrane than in the MFH. Approximately equal activation of RNase occurred during separation of the cell components in both reticulocytes and erythrocytes, to about twice the activity in whole hemolysate. In cells of all ages membrane RNase activity, when measured in the absence of urea, was less than that in the MFH (Fig. 5, lower) .
When the latent RNase of the cells was activated by urea the cell membrane had the major portion of enzyme activity in both young and mature cells (Fig. 5, upper) . The RNase activity of MFH and whole hemolysate was only slightly affected by presence of urea. The degree of activation in the membranes of both old and young cells was roughly the same, indicating that both active and latent RNase activity decline with cell maturation.
DISCUSSION
This study provides direct evidence that the cell membrane is the major site of RNase activity in the mam- Day of Study FIGURE 5 The RNase activity of erythroid cell components of a progressively aging population of cells in the absence (lower) and presence (upper) of 4 M urea. The assays were carried out as described for Fig. 1 using 80 ,&g/ml of 'P total RNA as the substrate. The heavy line in the lower panel depicts the fall in reticulocytosis from 96% at the beginning of the study to 4% at the conclusion. malian erythroid cell. This finding is consistent with the fact that erythroid cell membranes in themselves degrade RNA at a rate greater than that of membrane-free hemolysates (7). The requirement for activation of the membrane-associated RNase, most of which exists in a latent form and which can be activated by exposure to urea, may explain the failure of other investigators to emphasize the cell membrane as a site of erythroid cell RNase activity (5, 18, 19) . Another erythroid cell enzyme, 2,3-diphosphoglycerate phosphatase, is also localized to the cell membrane in a latent state, requiring exposure to hyposulfite in order to exhibit maximum activity (20) . RNase is found in the limiting membrane of cell lines other than erythroid cells. An endonuclease, capable of degrading viral RNA, has been isolated from the cell wall of Krebs ascites cells (21) and a latent RNase, also activated by urea, is associated with the protoplasmic membrane of E. coli (22) . The presence of RNase in the limiting membranes of both mammalian and bacterial cells suggests that this structure may have a general role in cellular nucleic acid metabolism.
The localization of enzymes to the erythroid cell membrane appears to be related to their specific metabolic function in the cell. The ATPase system, concerned with the active transport of sodium and potassium across the plasma membrane, and other enzymes involved in membrane transport are located in the cell membrane (23, 24) . Enzymes within the erythroid cell membrane are organized in a specific manner (24) . For example, an acid phosphatase associated with the rabbit erythroid cell membrane is oriented towards the outer surface of the cell (25) and the active sites of glyceraldehyde phosphate dehydrogenase are oriented towards the cell interior (24) . This intramembrane organization appears to have functional significance in terms of substrate availability. The experiments reported here with intact erythroid cells muggest that RNase activity is absent from the exterior surface of the erythroid cell. The orientation of the active sites of membrane-associated RNase towards the erythroid cell interior would not be surprising, from a functional viewpoint, since the enzyme participates in intracellular RNA metabolism. It has been suggested, however, that an orientation of membrane-associated RNase to the outer surface of the mammalian cells may serve as a defense mechanism in neutralizing RNA viruses (21) . The presence of significant amounts of RNase in the mature erythroid cell, which does not contain RNA (1-4) The localization of RNase to the membrane does, however, modify certain characteristics of enzyme activity. It provides a degree of stability to the enzyme, as indicated by the failure of membranes to lose RNase activity during prolonged incubation at 370C. The association of erythroid cell RNase with the cell membrane is also in some way particularly involved in the degradation of ribosomes, the particulate form in which most of the cell RNA exists (26) . Previous studies have demonstrated that in erythroid cell lysates ribosomes are less susceptible than soluble RNA to enzymatic degradation (6), while during maturation of the intact erythroid cell ribosomes disappear at a greater rate than soluble RNA (7) . The apparent conflict between these in vitro and in vivo findings must be related to conditions peculiar to the organization of the cell. One can only speculate as to the reason for the localization of RNase to the rabbit erythroid cell membrane. It is known, however, that 17% of the total cell complement of ribosomes is associated with the cell membrane (26) . The localization of a large amount of RNase to the same site suggests that physical proximity of ribosomes and RNase in the cell membrane may play a part in producing the more rapid degradation of ribosomes, in comparison to soluble RNA, which occurs as the intact erythroid cell matures. Thus, the presence of RNase in the cell membrane, even if only related to the quantity of RNase at that site, may have important functional significance, as is true with enzymes involved in membrane transport.
The erythroid cell membrane participates in many metabolic activities other than transport functions. The presence of RNase in the erythroid cell membrane adds to the evidence that this structure has an active role in cellular nucleic acid metabolism. RNA and ribosomes are closely bound to the cell membrane (9, 26, 27) and the cell membrane in itself can synthesize protein (28) and degrade RNA (7) . Disruption of the functional and structural integrity of the reticulocyte membrane is accompanied by a reversible breakdown of cytoplasmic polyribosomes (8) indicating that membrane alterations can affect protein synthesis in the cell interior. Further studies will be necessary to precisely define the role of the cell membrane in moderating the rate of cellular protein synthesis. It is clear, however, that one means by which this can be done is through the role of the cell membrane in RNA degradation.
